In general, it is quite difficult to describe and model operations and conveyance systems precisely in underground coal mines because of geological components, poor visibility, unreliable installed facilities, and difficult work conditions. In this study, a simulation model of an operations and materials handling system for an underground coal mine was built to investigate the relationship between the coal output and materials handling systems, which includes specifications for the facilities and the buffer space for the storage bin underground. It was found that it is possible to find the bottleneck of a conveyance system to determine more efficient mining and conveyance methods by performing a simulation.
problem have been proposed (Boland et al. 2009 ). In addition, the use of operation process simulation for Six Sigma Projects has been introduced to illustrate the process to define, measure, analyze and improve the current process (Chinbat and Takakuwa 2008) .
In this study, a simulation model was constructed and used to examine the performance of an underground coal mine. The conveyance system from the longwall mining site to ground facilities comprises scraper chain conveyors, a storage bin, and the main-shaft skips. The relationship between mining speed and the velocity of the main-shaft skips was examined in conjunction with the inventory of the coal storage bin underground.
UNDERGROUND COAL MINING AND OPERATIONS
Technological advancements have made coal mining more productive than it has ever been. To keep up with technology and to extract coal as efficiently as possible, modern mining personnel must be highly skilled and well-trained in the use of complex, state-of-the-art instruments and equipment. Coal is mined by two methods: surface, or open pit, mining and underground, or deep, mining. There are two main methods of underground mining: room-and-pillar and longwall mining. Self-advancing, hydraulicallypowered supports temporarily hold up the roof while coal is extracted (Japan Coal Energy Center 2010). In this study, underground coal mining with the longwall shearer is examined. An overview of the coal mine is shown in Figure 1 . The longwall shearer is a sophisticated machine with a rotating drum that moves mechanically back and forth across a wide coal seam. The loosened coal falls on to a pan line that takes the coal to the conveyor belt for removal from the work area. Then, the coal is transferred to the storage bin by the conveyor. Finally, the coal is transported up to the ground by the main-shaft skip. A survey shows that the longwall-utilization rate is 68 percent out of the scheduled availability, the shift-off is 7 percent, and the down time is 25 percent, as shown in Figure 2 (a). Furthermore, 61 percent of the longwall-utilization involves the time needed for cutting operations, and 39 percent is operational delay, as shown in Figure 2 ( 
Simulation model
These simulation programs were written in Arena (Kelton, Sadowski, and Swets 2010) . Figure 3 shows the major flow of the operations in the simulation model. The proposed model is composed of two major logical subsystems: worker logic and mining logic. In worker logic, the operators were assigned to specific tasks. At the beginning of the designated work shift, the operators moved in a group to the assigned positions in the underground mining site, and they performed operations for the predetermined working time.
At the end of the work shift, they finished their work and returned to ground. Each work shift was 6 hours. In mining logic, however, coal was identified using the available data. Coal was excavated based on the production capacity of the installed longwall shearers whenever all operators of the group were at their posts and the machines were available. After performing excavation, the coal was transferred by the scraper chain conveyor to the storage bin area underground to await the main-shaft skip. Sixteen tons of coal were loaded into one of the main-shaft skips and then transferred to ground. Finally, the conveyed coals were unloaded from the main-shaft skip.
Parameters
The simulation model consists of several parameters. Table 1 shows the tasks performed by the operators of a group. The 33 operators are classified into 12 categories. In addition, Table 2 summarizes the list of parameters to be used for executing simulation. Based on our investigation into the underground coal mine and interviews with the managers of the mining company, the equipment capabilities were identified. The machine failure rates and operator travel times were estimated based on investigation and the drift map under the ground. 
Performance Measures
The conveyance capacity of the main-shaft skips was identified as the bottleneck in the materials handling system. The expected capacity of the conveyed coals by the main-shaft skip in one day (EC) was given by, This study employs a discrete event simulation technique. The primary performance measures considered in this study are as follows:
 The average inventory in storage bin (tons).  The maximum inventory in storage bin (tons).  The output of coals mined in one day (tons/day).  Average weight of coals in a unit space of the scraper chain conveyor (tons/m).
SIMULATION ANALYSIS

Scenarios
Simulation technology provides a very powerful way to move from an "as-is" system to an ultimate "tobe" system. An "as-is" system accurately captures the behavior of the original system and then hypothetically changes the system until the best scenario is identified. By conducting a "what-if" analysis, the simulation analysis should be able to discover a future determined without implementing the technology (Profozich 1998) . In the study, the coal output using excavation is 16 tons/min. As they improve productivity by enhancing the longwall shearer at the working face and adopting improved equipment, the following matters must be investigated in terms of materials handling:
 Sufficient buffer size at the storage bin.  Recommended velocity of the main-shaft skip.  Allowable weight of coals on a unit space of scraper chain conveyor. Table 3 shows the properties to be examined through simulation. Simulation experiments were executed by repeating the experiment 30 times and forming a 95% confidence interval for the expected average inventory and the expected maximum inventory in the storage bin and the expected quantity of conveyed coals. Let the ratio, k, of the baseline productivity be 1.0 when the quantity of excavated coals is 16 tons per minute. Thus, the ratio for the quantity of excavated coals was set between 1.0 and 2.0 at intervals of 0.2. In addition, the velocity of the main-shaft skip was set between 3 and 9.5 at intervals of 0.5 (m/s). Therefore, there were a total number of 151scenarios. 
Simulation Results
The animation model was constructed, as shown in Figure 4 . The entity picture was set for each type of operator and coal, and the location of the coal was identified easily by viewing the animation of the simulation model. Important insight was obtained by performing a simulation. Figure 5 shows the quantity of conveyed coals at the designated velocity of the mine-shaft skip. In this figure, the expected capacity of conveyed coals was obtained using equation (1). It was found that the capacity of the mine-shaft skip was the bottleneck of the entire conveyance system. Figure 6 shows the 95 percent confidence interval for the average inventory in the storage bin in each scenario. In addition, Figure 7 shows the 95 percent confidence interval for the maximum inventory in the storage bin in each scenario. Figure 8 shows the weight of coal in a unit space on the scraper chain conveyor. The amount of coal output was restricted by the conveyance capacity of the main-shaft skips. For example, when the productivity was set to k=1 in Figure 5 , even if the velocity of the mine-shaft skip was 3 m/sec, all of the output coal underground was transferred on the ground. Then, the expected maximum inventory in storage bin was 1679 tons. The weight of coal in a unit space on the scraper chain conveyor would be 235 tons.
Next, when the productivity was set to k=2 in Figure 5 , all coal was transferred on the ground by the mine-shaft skips at a velocity of 6 m/sec. However, the buffer area required to store the maximum inventory in the storage bin reached to 4049 tons. If the same storage bin as that for k=1 were used, they could speed up the mine-shaft skip to 9.5 m/sec. The weight of coal on a unit space of the scraper chain conveyor would be 506 tons. 
CONCLUSIONS
A simulation model of an operations and materials handling system of an underground coal mine was constructed, and a series of experiments were executed. The relationship between the coal output and the materials handling systems was clarified by performing a series of experiments with a simulation model. The amount of coal output was restricted by the conveyance capacity of the main-shaft skips. The required buffer space of the storage bin was determined by the specifications of the materials handling systems and the operating conditions of the longwall shearers at the working face underground. In addition, the required load weight of the conveyors along the dip and the main entry was identified through the simulation experiments. Final decisions should be made by taking safety management into consideration. Although it can be quite difficult to describe model operations and conveyance systems precisely for underground coal mines, it was possible to find the bottleneck of the conveyance system and to determine more efficient mining and conveyance methods by performing simulation.
